In response to the decrease of phosphorus concentrations in Lake Geneva (France and Switzerland), the mean percentage of individuals belonging to oligochaete species sensitive to low oxygen concentrations has increased in the profundal from 8% in 19838% in to 31% in 20038% in . But these species decreased anew from 17% in 19998% in to 2% in 2009 
INTRODUCTION
The impact of climate warming on lakes can undermine the positive effects of the decrease of phosphorus inputs so that the ecological status observed before the onset of man-made eutrophication is not restored as expected (Schindler, 2009 ). For instance, Lake Maggiore (Italy and Switzerland) is recovering from man-made eutrophication (Guilizzoni et al., 2012) but the responses of its planktonic communities (algae and cladocerans) were affected by the warming which produces in some cases effects similar to those of eutrophication. In addition, the impact of fish predation and of chemical pollution (DDT, mercury) must be integrated in a complex set of interaction to explain the path followed by this lake. Similarly, in Lake Bourget and Annecy (both in France) and Lake Geneva (France and Switzerland), long-term changes in cladoceran communities resulted from interactions between climate warming, nutrient status, and intensity of fish predation on zooplankton (Alric et al., 2013) . In these three lakes, the expansion of hypoxia has also been related to warmer air temperatures (Jenny et al., 2014) .
In this present study, the composition of oligochaete and chironomid communities colonizing deep sediment (35-309 m) was used to assess how the ecological status of Lake Geneva has changed between 1957 and 2009. This large lake (mean depth 150 m, 580 km 2 ), has been affected by major environmental changes between 1957 and 2009 which have been well studied by several regional and international organizations. First, mean total phosphorus concentrations in the water column (from the surface to 309 m deep) which have increased from 12 mg m -3 in 1957 to 89 mg m -3 in 1977 decreased afterwards to 23 mg in 2009 (Lazzarotto et al., 2011) . But the positive effects of this recovery from man-made eutrophication were impeded by the increase from 1969 to 2009 of water temperature which has modified several limnological and biological characteristics of the lake (Anneville et al., 2013) . For instance, the increase of water column stability and of incident light has a long term positive impact on phytoplankton productivity which did not decreased as Phosphorus decreases in Lake Geneva but climate warming hampers the recovery of pristine oligochaete communities whereas chironomids are less affected N o n -c o m m e r c i a l u s e o n l y expected from the decrease of phosphorus (Tadonléké et al., 2009) . In addition, the abundance of some species of fish (mostly Coregonus ssp.) which has increased in response to the declining concentration of phosphorus (Gerdeaux, 2004) has an increased impact on zooplankton (Tadonléké et al., 2009) . Finally, many micro pollutants have been detected in the water, the sediment, molluscs and fish of Lake Geneva (Loizeau et al., 2013) . The combined effects of these substances have negatively affected several species of planktonic algae in Lake Geneva (Gregorio et al., 2012) . And they could have the same negative effect on other species as well, especially those living in deep sediments (such as oligochaetes and chironomids) which are located at the receiving end of all processes in the lake (Wiederholm, 1980) .
As these benthic communities change according to the amount and quality of the organic matter settling on the bottom Fuentes et al., 2013) , the increase of sedimented organic matter, associated with the increase of eutrophication, means more food but less oxygen available at the sediment-water interface. Therefore, the ratio of species sensitive to low oxygen concentrations to those species tolerant of low concentrations was used to document how the conditions have changed since 1955, used as a reference for the state of ecological integrity of Lake Geneva (Juget, 1958) .
From 1955 to 1983, the increase of eutrophication was indicated by the decreasing abundance of the sensitive oligochaete species prevailing in 1955, and the increase of the very tolerant species scarce in 1955 (Juget, 1958; Lang, 1985) . From 1983 to 2003, the inverse trend was observed as predicted by the decrease of phosphorus in the water (Lods-Crozet and Reymond, 2004 ). However, in 2005 , the sensitive species of oligochaetes decreased anew, whereas sensitive species of chironomids increased in two different areas of Lake Geneva (LodsCrozet and Reymond, 2006; Lods-Crozet, 2011) . This change suggests that the positive effects of the decrease of phosphorus on zoobenthos were impeded by the increase of the other stressors presented above.
This study tries to explain why the recovery of zoobenthos was reversed in 2009 in the western basin of Lake Geneva, called the Small Lake. This basin is more exposed to the effects of climate warming than the main basin, called the Large Lake, because of its mean depth of 41 m vs 171 m. As demonstrated by Rasmussen and Rowan (1997) , the local variations of fine sediment accumulation (FSA) interact with lake trophic state as determinant of benthic community composition. Therefore the gradient of FSA present in the Small Lake (Lang 2000) was used to observe how the oligochaete and chironomid species react to the increase of this variable after Lake Geneva become warmer. The increase of FSA was used as a proxy for organic sedimentation (Rasmussen and Rowan, 1997; Lang 2000) . The decrease of sensitive species characteristic of oligotrophic conditions was predicted as well as the increase of the very tolerant species characteristic of eutrophic conditions. Species which did not demonstrate a clear-cut response could have been affected by the increase of temperature or by other factors such as changes in the pelagic-benthic coupling or the impact of micro pollutants on sensitive species.
METHODS
The indicative value of the main species was tested anew from 186 sediment cores of 16 cm 2 each collected with a core sampler in the Small Lake (surface 81 km 2 ). In 1999, 159 cores were collected on 22 transects 500 m apart (Lang, 2000) . As the cores were located 500 m apart on each transect, the entire profundal area (37 m to 76 m) was covered by a regular grid. The profundal was divided into three areas numbered 1, 2, and 3 from west to east (Fig. 1) . They corresponded to the three basins (named Chevrens, Tougues, and Nyon) of the Small Lake (70 m to 76 m deep), which are separated from one another by sills (50 m to 55 m deep). In addition to the 22 transects covering these three areas, an additional transect (numbered 23) consisted of 27 cores that were collected in 2006 (Lods-Crozet, 2011) from the sill (area 4) separating the Small Lake from the Large Lake (surface 498 km 2 ). In the laboratory, the thickness of the three layers present in each 30 cm long sediment core was measured: the brown surficial layer, the intermediate black layer, the grey or brown compact layer beneath. The thickness of the black layer (TBL) was used to indicate the intensity of fine sediment accumulation used as a proxy for organic sedimentation (Lang, 2000) . Then, oligochaetes and chironomids, separated from the sediment with a 0.2 mm sieve, were mounted on microscopic slides and identified to the species or the groups of species (Tab. 1). Species were classified into three groups according to their decreasing tolerance to low oxygen concentrations and pollutants as sensitive (1-6), tolerant (7-10) and very tolerant (11-13) according to previous studies (Lang, 2009) . Some species (7-9 and 11-13) were analysed as a group because all the immature individuals could not be identified without doubt. However, the contribution of Potamothrix moldaviensis to the group of species 7-9 was small because most of the mature individuals identified belonged to a Limnodrilus species and the aspect of most of the immature individuals indicated also that they belonged to L. hoffmeisteri.
Data analysis was made with the IBM SPSS statistical package version 21. First, relationships between the presence and the absence (denote by 1 or 0) of species and the intensity of fine sediment accumulation were analysed. Location in Lake Geneva of the areas used in this study. Small Lake: areas 1-3 visited in 1994 , 1999 area 4 in 2006; Large Lake: areas 5-6 visited in 1955 , area 7 visited in 1990 , 1993 , 1998 , area 8 visited in 1978 , 1983 and 2003 In addition, as most species were absent from many cores (Tab. 1), the variation of their abundance was analysed at the level of the 23 transects instead of the 186 cores. To do this, the mean number m -2 of individuals belonging to each species or group of species was computed from the cores present on each transect. The mean thickness of the black layer per transect was computed in the same way. As a result, the zero values present in the 186 cores were eliminated from the 23 transects. First, Spearman rank correlations between numbers of individuals of each species and TBL were computed for the 23 transects. Finally, the relationships between the mean numbers of each species was analysed by a principal component analysis based on the 23 transects. Then the scores for each component were correlated with the thickness of the black layer and depth used as a proxy for temperature.
For each transect the numbers of individuals belonging to the sensitive species (SS), expressed as a percentage, were computed from the numbers of individuals belonging to the species of Tab. 1 combined in three ways to compute three indices indicating different aspects of the ecological recovery of deep sediments (Lang, 2009 ): SS1 (%)=species 1-4/(species 1-4+species 7-13) (eq. 1) SS2 (%)=species 1-4/(species 1-4+species 11-13) (eq. 2) SS3 (%)=species 1-6/(species 1-6+species 11-13) (eq. 3)
In SS2 and SS3, the numbers of individuals belonging to the sensitive species (oligochaetes only or oligochaetes and chironomids combined) were reported to those of the very tolerant species of oligochaetes. In that way, species, which responded more to the increase of water temperature than to the decrease of total phosphorus, were excluded. In contrast, SS1 was based on the number of sensitive oligochaetes reported to the total number of oligochaetes. In addition, SS1 was negatively correlated with total phosphorus (TP) concentrations (mg m 3 ) in the water (Lang, 1990) :
This empirical relationship was based on 15 surveys made in eight lakes of Western Europe and three large lakes of North America studied before they were affected by the increase of water temperature (Lang, 1990) . It was used to compare the value of SS1 observed in each sampling locations to that predicted from phosphorus.
In the second part of this study, the reactions of the species to the increase of TBL were used to interpret anew results from: i1) two surveys made in 1983 (Lang, 1985) and 2003 in the Large Lake (Lods-Crozet and Reymond, 2004) ; ii) of three surveys made in 1994, 1999 (Lang, 2000) and (Lods-Crozet, 2011 in the Small Lake (Fig. 1) . The methods and the sampling design used in 1994 were exactly the same as in 1999, except that the chironomid species collected in 1994 were not identified. In contrast, the 2009 survey was based on a different design with only two sampling stations located in each of the three basins. In each basin, one station was located at a depth of 40 m on the northern side of the lake, the other at 70 m or 76 m in the middle of the lake. In each station, five sediment samples of 225 cm 2 were taken with an Ekman grab. However, the analysis was based on 22 samples only because results for the oligochaetes present in eight samples were missing. As a result, the 2009 survey is less likely to represent the whole profundal of the Small Lake because it is based only on six sites, but intensively studied, instead of the 159 sites visited in 1994 and 1999. In addition, a sieve with a mesh size of 0.3 mm was used in 2009 instead of 0.2 mm in 1994 and 1999. Finally, data from 22 samples (each 225 cm 2 ) that were collected in 1955 from a mean depth of 63 m using an Ekman grab (Juget 1958) , were used as a reference for the pristine state of Lake Geneva. The areas 5 (14 samples) and 6 (8 samples) visited in 1955 were located respectively 2 km and 5.5 km east from the area 4 sampled in 2006 (Fig. 1) .
RESULTS
Mean and median water temperatures measured at a depth of 50 m in Lake Geneva were higher during the years 1989 to 2008 than during the years 1969 to 1988 (Tab. 2). The five warmer years recorded between 1989 and 2008 were warmer (6.99-7.09°) that those between Tab. 2. Comparison of the mean annual temperatures (°C) recorded in Lake Geneva at a depth of 50 m between 1969 and 1988 (n=20) and between 1989 and 2008 (n=20) . Temperatures measured in the middle of the Large Lake above the deepest area (Lazzarotto et al., 2011) . .011, n=40). The observed increase seems small but it has already affected the development of planktonic communities and the timing of the reproduction of some species of fish (Anneville et al., 2013) . In the Small Lake, the thickness of the black layer within the sediment (TBL), which decreased from basin 1 to the area 4 (Fig. 2) , was inversely related to the thickness of the compact layer (lacustrine clay or chalk) located beneath TBL. In contrast, TBL was directly related to the total thickness of the sediment collected in the 30 cm long cores. Finally, the median thickness of the brown layer, which was more or less unchanged in area 4, in basin 3 and 2 decreased strongly in basin 1. This distribution indicated that fine sediment accumulation decreased from basin 1 to basin 3 and was very low in area 4.
The species present in the 186 cores were divided into three categories according to their reaction to the increase of the black layer in the sediment (Tab. 1): those whose occurrence decreased (species 1-3, 6), whose occurrence increased (species 10-13), and those which did not show a clear trend (species 4, 5, 7-9). The analysis based on the number of individuals m -2 indicated the same trends for species or group of species (Fig. 3) . Note how the total abundance of the sensitive species (1-6) was inversely related to that of the very tolerant species when TBL increases (Fig. 3) . This relationship explained why the SS3 index was based on these two groups of variables. Spearman rank correlations between mean TBL and the mean abundance of each species or group of species per transect (Tab. 3) indicated that the species or group of species can be classified into two extreme groups: those which are negatively (species 1) or positively (species 11-13) correlated with the increase of TBL. For species 4 and the group of species 7-9, the correlation was not significant.The principal component analysis based on the mean abundance of species per transect showed the relative position of each species according to component 1 and 2 (Fig. 4) . Because component 1 was significantly correlated with TBL (R 2 =0.689, Fig. 5 ), the species followed each other on Fig.  4 as in a gradient of fine sediment accumulation modified by the effect of component 2. Mean value per transect of TBL decreased from basin 1 to 3 whereas it was very low on the sill (area 4) separating the Small Lake from the Large Lake (Fig. 5) . Component 2 which was neither correlated with TBL or mean depth (R 2 =0.001, n=23) could reflect the effects (either positive or negative) on some species of the long term increase of water temperature recorded in Lake Geneva from 1969 to 2008 (Tab. 2), among other factors (see the Discussion).
The three indices based on the percentage of individu- o n l y als belonging to the sensitive species were negatively correlated with TBL. The strongest correlation was observed for SS3 (Fig. 6) , the weakest for SS1, based on the percentage of individuals belonging to sensitive species in the oligochaete community (Fig. 7) whereas the correlation for SS2 was intermediate (R   2   =0 .640, n=23). These relationships indicated that, if TBL is a reliable proxy for organic sedimentation (see the Discussion), the SS3 index is a better indicator of changing trophic conditions than SS2 or SS1, especially when the sensitive species of chironomids became more abundant than the sensitive species of oligochaetes in a warmer lake.Mean concentrations of total phosphorus have decreased from 75.4 mg in 1983 to 32.8 mg m -3 in 2003 in the water of the Large Lake (Lazzarotto et al., 2011) . Oligochaete communities, present in the area 8 of the Large Lake (Fig. 1) , have been studied in 1983 (Lang 1985 ) and 2003 (Lods-Crozet and Reymond 2004 . In both surveys, the relative importance of the 3 most tolerant species of oligochaetes increased with depth (Fig. 8) .
In contrast, the abundance of the sensitive species of oligochaetes followed the inverse trend. Between the depths of 35 m and 100 m, the individuals of these species which formed 7.7% of the oligochaete community in 1983 increased to 30.8% in 2003 as predicted from the decrease of phosphorus. The same increase was observed between Fig. 3 . Changes in the mean numbers of individuals m -2 with 95% confidence intervals (square root transformed) of species or groups of species according to the increasing thickness of the black layer within the sediment. On the x axis, the digits 1 to 13 correspond to the names of species present on Tab. 1. Jonckheere-Terpstra test for trend (probability) for species 1-6 (0.000), species 1-4 (0.000), species 5 (0.137), species 7 (0.599), species 10 (0.000), species 11-13 (0.000). (Lazzarotto et al., 2011) .
In the Small Lake, the response of zoobenthos to the decrease of phosphorus was not the same as in the Large Lake (Lang 2000 , Lods-Crozet 2011 . However, mean total phosphorus concentrations have decreased in the water from 28 mg in 1994 to 12.9 mg m -3 in 2009 but the mean water temperature has increased of 1° (70 m deep) at the same time (Lazzarotto et al., 2011) . The abundance of the sensitive oligochaete species, which was the same in 1994 and 1999, decreased anew in 2009 (Fig. 9) . As a consequence, the sensitive chironomids became more abundant than the sensitive oligochaetes The digits 1 to 3 denote the three different basins present in the Small Lake and digit 4 denotes the area 4 located on the sill separating the Small Lake from the Large Lake (Fig. 1) .
N o n -c o m m e r c i a l u s e
o n l y abundant species whereas the abundance of the three very tolerant species was low. Among the chironomids present, Micropsectra was more abundant than Paracladopelma in both studies: 500 vs 300 individuals m -2 in 2006.
DISCUSSION

Black layer and organic sedimentation
The present study assumes that the thickness of the black layer (TBL) within the sediment can be used as a proxy for organic sedimentation. Two studies previously conducted in Lake Geneva confirm that the oligochaetes react to the increase of organic sedimentation as they react to the increase of TBL (Tab. 4, columns 1-4). In the first study , sediment traps located in two 35 m deep sites have registered an organic sedimentation of 157 g C m -2 and 214 g C m -2 year -1 respectively, which derived from the inputs of a sewage treatment plant in addition to those of the phytoplanktonic production. As the weight of organic carbon was positively correlated with the oxygen uptake in the sedimented matter collected in the sediment traps , the increase of organic sedimentation implies a decline in oxygen concentrations at the water-sediment interface (Fuentes et al., 2013) but with more food becoming available for the species well adapted to these conditions. As a consequence, the mean number of individuals belonging to the three most tolerant species -P. hammoniensis, P. heuscheri and T. tubifex -increased whereas the sensitive species (species 1-4 of Tab. 1) decreased, especially E. velutinus. The numbers of P. vejdovskyi increased whereas the mean numbers of L. hoffmeisteri, which were low in both conditions, were not significantly different.
The second study made at a depth of 40 m (Lang, 1989) was based on the observation that, over large areas of Lake Geneva, the sediment consists of pillow-like formations (around 80 cm wide) separated by trenches (around 20 cm wide and 5 cm deep) whose origin is still debated (Brandl et al., 1993) . However, sediment analyses have clearly indicated that the organic sedimentation was lower in the trenches, which correspond to erosional conditions, than on the pillows which correspond to depositional ones. As a result, the microbial ecosystem at the top of pillows was metabolically two or three times more active than in the trenches. The black layer was thicker on the pillows than in the trenches. In addition, the redox transition zone from aerobic to anaerobic conditions is located deeper (6 cm vs 0.5 cm) under the sediment surface in the trenches than on the pillows, suggesting that better oxygen conditions are present at the interface. Oligochaete communities reflected these differences. Because the decrease of organic sedimentation, the abundance of P. vejdovskyi, P. hammoniensis, P. heuscheri and T. tubifex was lower in the trenches than on the pillows. Because of better oxygen conditions, E. velutinus, contrary to S. heringianus, was relatively more abundant in the trenches. The abundance of Limnodrilus species was not significantly different on the pillows and in the trenches. Because of this small-scale sedimentary patchiness, surveys based on many small cores will indicate more precisely the ecological status of a lake than those based on a few large samples.
Tab. 4.
Variations of the mean numbers m -2 of individuals belonging to the species of Tab. 1 in different sites of Lake Geneva in which the organic sedimentation was either low or high. In sites 1 and 2, the organic sedimentation was measured in sediment traps . In site 3, sediment was collected in trenches; in site 4, on pillows (Lang, 1989) . In site 5, the black layer within the sediment was less than 11 cm thick; in site 6, it was above 10 cm thick (this present study). Site 7 corresponds to the situation observed in the year 1955 used as a reference for oligotrophic conditions (Juget 1958) , sites 8 and 9 correspond to the mean values computed from 22 transects in 1999 and from 6 stations in 2009. Chironomid species were not identified in sites 1 to 4. N denotes the number of sediment samples. For each species or group of species, the numbers of individuals were compared by the Mann-Whitney test. Mean values underlined indicate that the distribution of numbers was significantly higher in one of the two sites compared. 
Local variations of sedimentation
In Lake Memphremagog (Rasmussen and Rowan, 1997) , the deposition of fine sediment varied strongly from place to place, as in the Small Lake, thus interacting with lake trophic status as determinant of benthic community composition. The thickness of fine sediment increased according to exposure to the prevailing winds (fetch) but it decreased if bottom slope increased. In the above study, the deposits of fine sediment at least 10 cm thick or more were found to be depositional, those less than 10 cm were rather erosional. In my study, if the thickness of the black layer increased above the median value of 10 cm measured in 186 cores, the composition of zoobenthos changed also, indicating a transition from oligotrophic to mesotrophic-eutrophic conditions (Tab. 4, columns 5 and 6).
In the Small Lake, the fetch resulting from the northeast winds increased strongly westward from basin 3 to 1. In contrast, the bottom slope, which increased from basin 3 to 1, has less effect on my results because most of the cores were collected on a flat bottom, far from steep slopes. As a consequence, the increasing thickness of the black layer within the sediment followed the same westward trend. In contrast to the three basins, the black layer was very thin in area 4 because of the strong currents which swept across the sill separating the Small Lake from the Large Lake (Umlauf and Lemmin, 2005) . These authors also observed that, after episodes of strong winds from the northeast and the southeast, exchange flows were able temporarily halve or double the hypolimnetic volume of the Small Lake, thus leading to an irreversible exchange of up to 40% of the hypolimnetic water. Therefore, the impact of temperature variations on the zoobenthos must be greater in the Small Lake than in the Large Lake.
In the present study, the relationship between the thickness of the black layer and the relative abundance of sensitive oligochaete species confirms that the assessment of trophic state based on zoobenthos depends on the intensity of organic sedimentation observed in the studied sites. In 1999, as the total phosphorus concentration was 22.3 mg m -3 in the water, the mean percentage of individuals belonging to sensitive oligochaete species (SS1) was predicted be around 40.8% in the whole profundal of the Small Lake (Lang 1990) . But the values observed were close to or higher than 40.8% only in the areas in which the thickness of the black layer was less than 10 cm. Indeed, the highest value (69%) was recorded in area 4 (sampled in 2006, total phosphorus 21.3 mg m -3 ) where the mean thickness of the black layer was 2.5 cm. Fig. 9 . Variations of mean numbers of individuals m -2 with 95% confidence interval (square root transformed) of species or groups of species indicated by the digits on the x axis (for the names corresponding to the digits, see Tab. 1). Three surveys were conducted in the Small Lake in 1994 (n=159), 1999 (n=159), 2009 (n=22). Jonckheere-Terpstra test for trend (probability) for species 1-4 (0.467), 1 (0.010), 7 (0.000), 10 (0.000), 11-13 (0.803).The numbers for the area 4 visited in 2006 (n=27), the sill separating the Small Lake from the Large Lake (Fig. 1) , are indicated as a reference for areas of low organic sedimentation which correspond to oligotrophic conditions. This value (69%) is close to the mean value (70%) observed in the profundal zone of Lake Superior (Canada and USA) used previously as a reference for oligotrophic conditions (Lang 1990) . Note that Stylodrilus heringianus was the most abundant oligochaete species in this very cold lake. In contrast, this species was not abundant in Lake Geneva in 1955 when this lake was still oligotrophic.
The changing composition of zoobenthos in 2009
Relationships established between zoobenthos and the thickness of the black layer within the sediment, used as a proxy for organic sedimentation, indicated that the abundance of P. vejdovskyi was positively correlated with the increase of organic sedimentation. However, the decrease of this species in 2009 could not be attributed to the decrease of organic sedimentation because the abundance of the very tolerant species did not decrease at the same time as in the Large Lake, 150 m deep, from 1990 to 2005 (Lang, 2009 ). This suggested rather a deterioration of the oxygen conditions at the water-sediment interface which has affected more this species and the sensitive oligochaete species than the other species.
This interpretation (Lods-Crozet, 2011) was supported by the fact that the biomass of phytoplankton has increased in the Small Lake from 2001 to 2009 (Lavigne et al., 2011) . In addition, this increase was due to large-size algae, such as Mougeotia gracillima, which are more likely to settle intact on the bottom than smaller species. The selective predation of fish on large-size zooplankton could explain why the biomass of large-size planktonic algae has increased between 2001 and 2009 (Tadonléké et al., 2009) , thus providing more food for the chironomids that feed at the surface of sediment.
The increase of warm water species
The increased abundance of Limnodrilus and Micropsectra may be in response to the long-term increase of the temperature of water in Lake Geneva (Anneville et al., 2013) . This interpretation was confirmed for Micropsectra by the results of a field experiment (Tixier et al., 2009) in which the water temperature was increased (mean increase 4.8°, range 3.8-6.3°) in one portion of a groundwater outflow (a spring) whereas it was unchanged in the other one. As a consequence, the abundance of Micropsectra, which was the most abundant chironomid, did not decrease in response to increasing water temperatures, contrary to the other cold stenothermal taxa present. In addition, as Micropsectra increases its respiration rate with decreasing oxygen availability until a critical point, it can tolerate low oxygen conditions better than other sensitive chironomid taxa (Brodersen et al., 2008) .
The abundance of the Limnodrilus species did not increase in response to the increase of organic sedimentation in the two studies presented at the beginning of this Discussion section. These sites, which were located at a depth of 35 m and 40 m respectively, were sampled in 1980 and 1987 when the water of Lake Geneva was cooler than it was in 2009 (Tab. 2). This suggests that their abundance was limited at this time by the lower water temperature. Indeed, the number of eggs produced by L. hoffmeisteri increased with temperature under laboratory conditions as demonstrated for tropical populations (Nascimento and Alves 2009) . Other experiments have shown that temperate populations of L. hoffmeisteri and T. tubifex can tolerate higher temperatures, longer periods of anoxia, and more organic pollution than Stylodrilus heringianus, a species of cold oligotrophic lakes (Chapman et al., 1982) .
The increase of these two warm water taxa, as well as the decrease of sensitive oligochaete species was first observed between 1992 and 1997 (Lang, 1999) in Lake Neuchâtel (215 Km 2 in area) located 32 km north of Lake Geneva. And this trend persisted in 2000 and 2002 (LodsCrozet and Reymond, 2005 . This earlier change could be explained by the fact that Lake Neuchâtel is more exposed to the effects of warming because it is shallower than Lake Geneva (mean depth 60 m vs 150 m).
In the Small Lake, the relative position of species on the factorial plot (Fig. 4) is dependent on component 1 which was correlated with the increase of organic sedimentation. In contrast, component 2 may likely reflect the long-term increase of water temperature from 1969 to 1999. The high contribution of Limnodrilus and Micropsectra to component 2 supports this interpretation (loadings 0.758 and 0.689) respectively. In the same way, one component of a PCA, based on the benthic community of Lake Memphremagog (Rasmussen and Rowan, 1997) , is reflected in the depositional regime, which corresponds with the thickness of fine sediment, whereas the other component reflected the thermal environment. However, the effect of the thermal environment was stronger and more immediate in the above study because its sites were located both in the epilimnion and the hypolimnion (depth range: 4 m to 43 m). In contrast, the sites of this present study, located only in the hypolimnion (depth range: 37-76 m, mean depth 60 m), are exposed to the long-term increase of water temperature rather than to its seasonal variations.
Less phosphorus but new stressors
In Lake Geneva, the increase of phosphorus from 1957 to 1979 and its decrease from 1979 to 2003 predicted correctly the decrease followed by the increase of the percentage of individuals belonging to sensitive species in the oligochaete communities (Fig. 10) . However, the speed of recovery decreased with depth: the recovery was rapid at a depth of 40 m from 1977 to 1996, it was slower at a depth of 150 m from 1990 to 1998, and (Lods-Crozet and Reymond, 2004) . In the deepest area of Lake Geneva, the hypoxia has been triggered first by the increase of phosphorus then by climate warming (Jenny et al., 2014) . The decrease of sensitive oligochaete species at a depth of 150 m in 2005 in the Large Lake and in 2009 in the Small Lake indicated that the positive effects of decreasing phosphorus were impeded by other stressors which have appeared during the recovery. For instance, the percentage of individuals belonging to sensitive oligochaete species was 2% in 2009 in the Small Lake whereas the value predicted from total phosphorus concentration was around 50% (Lang, 1990) .The increase of water temperature observed between 1969 and 2009 seems to be the main factor explaining why the sensitive species of oligochaetes, characteristic of cold oligotrophic lakes, have been replaced by sensitive chironomids species which can tolerate warmer water.
In addition, the combined effects of the many micro pollutants (pesticides, drugs, and other substances) which are present in Lake Geneva could also have affected the most sensitive oligochaete species as they have negatively affected some species of planktonic algae (Gregorio et al., 2012) . Sensitive species of oligochaetes depend (Wiederholm, 1980) for their food (bacteria) and reproduction from the conditions observed within the sediment. Therefore, if these conditions change, oligochaetes are disadvantaged, compared to the chironomids, which feed within the sediment by also on its surface on algae, bacteria and detritus. In addition, the possible impact of micro pollutants on the eggs will be more important on those of the sensitive species of oligochaetes buried in the sediment than on those of chironomids deposited on its surface. Exposure essays demonstrated the impact of a mixture of 10 organic pollutants on eggs of Daphnia resting in the sediment of the Greifensee, a Swiss lake (Möst et al., 2015) . Mortality and number of anomalies increased in the hatchlings whose eggs have been exposed to the pollutants. And the increase of temperature could increase the toxicity of contaminants (Guilizzoni et al., 2012) .
In contrast to the more sensitive oligochaete species, L. hoffmeisteri is well adapted to the increase of pollutants in a warmer lake. Indeed this species evolved genetic resistance to high concentrations of cadmium (10 3 -10 4 mg kg -1 ) in a polluted site (Mackie et al., 2010) . This tolerant population grew rapidly at different temperatures (25°C and 35°C), indicating that its metabolism was not affected by cadmium. But this population lost its resistance to cadmium after the dredging of contaminated sediments. In T. tubifex, five major mitochondrial lineages differing in their resistance to cadmium have been observed (Sturmbauer et al., 1999) . According to these authors, this suggests that, in the aquatic oligochaetes, natural selection acts on physiological rather than on morphological characters thus producing cryptic species. Finally, the increased impact of Coregonus fish populations on zooplankton (Tadonléké et al., 2009) could have increased the transfer of organic matter to the sediment, thus promoting hypoxic conditions even if phosphorus concentrations were relatively low. However, in the Small Lake, oxygen concentrations measured one meter above the bottom in the deepest areas (70-76 m) were always higher than 6 mg L -1 (Lazzarotto et al., 2011) . But the oxygen conditions relevant for zoobenthic species, especially for the eggs and the juveniles, are those observed in the diffusive boundary layer (DBL) above the sediment. The thickness of DBL (0-10 mm) decreases when turbulent mixing within the bottom boundary layer (BBL) increases (Lorke et al., 2003) . Furthermore, the intensity of turbulence in BBL depends on the speed of currents, as observed on the sill separating the Small Lake from the Large Lake (Umlauf and Lemmin 2005) . Combined with the effects of BBL, oxygen conditions in DBL depend on the oxygen uptake by the sediment which can vary temporally and spatially. If the uptake is high and DBL thick, sediments exposed to aerated water could be almost anoxic at the surface (Jorgensen and Revsbech 1985) . Thus, the oxygen uptake seems to increase with the thickness of the black layer within the sediment, as suggested by the concomitant decrease of oligochaete species sensitive to low oxygen concentrations. Because oxygen uptake by sediment increases with the water temperature (Jorgensen and Revsbech 1985) , these sensitive species will be the first affected in a warmer lake.
CONCLUSIONS
From 1983 to 2003, sensitive species of oligochaetes increased in Lake Geneva as expected from the decrease of phosphorus (Lang, 1990) . However, in 2005 and again in 2009, several new stressors (climate warming mostly, fish predation on zooplankton certainly, and micro pollutants probably) began to interact at different levels, modifying the pelagic-benthic coupling during the recovery from manmade eutrophication. As described by Guilizzoni et al. (2012) for the pelagic communities of Lake Maggiore, the climate warming have the same effects on sensitive oligochaete species of Lake Geneva and Lake Neuchâtel as those resulting from an increase of eutrophication. Therefore, prospects for a full restoration of the oligochaete community present in 1955 are poor indeed, except in the areas where the organic sedimentation is decreased by strong currents or by steep bottom slope. The rarity of sensitive oligochaete species observed in 2009 indicates that the biological properties within the deep sediments have drastically changed. Sensitive species of chironomids are less affected probably because they depend more on the surface of sediment than on its deeper layers.
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